Neogenin, a deleted in colorectal cancer (DCC) family member, has been identified as a receptor for the neuronal axon guidance cues netrins and repulsive guidance molecules repulsive guidance molecules (RGM). RGMc, also called hemojuvelin (HJV), is essential for iron homeostasis. Here we provide evidence that neogenin plays a critical role in iron homeostasis by regulation of HJV secretion and bone morphogenetic protein (BMP) signaling.
Introduction
Iron, a component of many metalloproteins, plays a crucial role in various physiologic processes, such as oxygen sensing and transport, mitochondrial electron transfer in the respiratory chain, and catalytic activity of diverse enzymes. Dysregulation of iron homeostasis leads to either iron deficiency, such as anemia, or iron overload characteristic of hereditary hemochromatosis, a relatively common inherited disorder associated with progressive organ dysfunction. 1 Cellular iron overload is toxic and causes cell death, at least in part due to free radical formation and lipid peroxidation.
Hemojuvelin (HJV) is a member of a family of glycosylphosphatidylinositol (GPI)-linked cell surface proteins. It has an essential role in iron homeostasis. 2 HJV contains a putative N-terminal signal peptide, a tri-amino acid motif (the RGD site), a partial von Willebrand factor type D domain, and a C-terminal GPI anchor consensus sequence. 2, 3 It is predominately expressed in the skeletal muscle, heart, and liver. 3, 4 Mutations in the HJV gene is a leading cause of juvenile hemochromatosis, [5] [6] [7] [8] and patients have low levels of hepcidin, 5, 8 a crucial hormone secreted by the liver for iron homeostasis. HJV mutant mice exhibit reduced hepcidin expression and iron overload, 5, 6 resembling patients with HJV mutations. Consistently, expression of HJV increases, while suppression of HJV decreases, hepcidin expression in cultured cells. 9 The mechanisms underlying HJV regulation of hepcidin expression and iron homeostasis are beginning to be elucidated. HJV was shown to function as a coreceptor for bone morphogenetic proteins (BMP). It binds to BMP2/4/6 and forms a complex with BMP receptors (type I and II). [10] [11] [12] HJV deficient mice/cells exhibit impaired BMP signaling (eg, phosphorylation of smad1/5/8). 12 BMP2/4/6 up-regulates hepatic hepcidin expression, which is enhanced by HJV coexpression but blunted in HJV-deficient hepatocytes. [12] [13] [14] These observations suggest that HJV regulates hepcidin expression and iron homeostasis via BMP signaling.
Soluble HJV (sHJV), like other GPI-linked membrane proteins, is released by proteolytic cleavage or phospholipase cleavage of the GPI anchor moiety, or both. A recent study has demonstrated the presence of sHJV in human serum. 15 Of interest is that while HJV induces hepcidin expression in transfected cells, sHJV competitively inhibits this event in culture and in animals, 9, 13, 14 suggesting a critical role of sHJV. However, how HJV cleavage and secretion are regulated remains largely unknown.
Neogenin and its related protein, DCC, contain a large extracellular domain with 4 immunoglobin-like domains and 6 fibronectin type III repeats, a single transmembrane domain, and a cytoplasmic region with 3 conserved domains, namely P1, P2, and P3. 16 Neogenin, but not DCC, is a binding partner of repulsive guidance molecules (RGMa). 17, 18 RGMa-induced growth cone repulsive responses can be blocked by anti-neogenin antibodies or soluble neogenin ectodomain fusion proteins. 17 Subsequent studies demonstrate that neogenin indeed interacts with HJV/RGMc. 19, 20 However, its role in HJV-mediated hepcidin expression and iron homeostasis, and its relationship(s) to HJV and BMP signaling have remained unclear.
In this article, we present evidence for a critical role of neogenin in iron homeostasis. Neogenin-deficient mice exhibit iron overload and reduced expression of hepcidin in the liver. A possible mechanism may be an increased HJV secretion that reduces BMP signaling and hepcidin induction, as we demonstrate that neogenin is coexpressed with HJV in perivenous hepatocytes and neogenin is crucial for prevention of HJV secretion. These results suggest that neogenin regulates iron homeostasis, probably by modulating HJV secretion and BMP-induced hepcidin expression.
Methods

Reagents and animals
Rabbit polyclonal anti-neogenin was generated using the GST-C-terminus of neogenin fusion protein as the antigen as described previously. 21 We also generated rabbit polyclonal anti-HJV/RGMc antibody as described in supplemental Figure 2 (available on the Blood website; see the Supplemental Materials link at the top of the online article). In addition, rabbit polyclonal anti-neogenin and goat polyclonal anti-RGMc were also purchased from Santa Cruz Biotechnology Inc. Anti-ferritin (GeneTex Inc), anti-hepcidin-25, anti-TfR2, anti-HFE, and anti-ferroportin (Fpn; Alpha Diagnostic International Inc), anti-phospho-Smad1/5/8 (Cell Signaling Inc), anti-glutamine synthetase (GS; BD Transduction Laboratories) were used. Other chemicals and reagents used in this study were of analytical grade.
Neogenin mutant mice, kindly provided by Dr Sue Ackerman (The Jackson Laboratory), were generated by Bay Genomics. In brief, KST265 embryonic stem (ES) cells that contain the neogenin gene disrupted by gene trapping using the pGT1TMpt vector (see Figure 1A) were obtained from Bay Genomics. ES cell clones were transferred into mouse blastocysts. Chimeras generated from ES cells were crossed to C57/BL6 mice for more than 6 generations, and the resulting heterozygous animals were crossed to produce homozygous mice. Mice were maintained on a standard rodent diet (Harlan Tekled S-2335) containing approximately 0.16 g/kg of iron. Control littermates (wild-type or heterozygote) were processed in parallel for each experiment. Neogenin mutation was confirmed by genotyping by polymerase chain reaction (PCR) and by the loss of the neogenin expression by Western blot analysis. All experimental procedures were approved by the 
Tissue iron staining and quantification
Tissues including liver, intestine, and spleen were harvested from 3-to 4-week-old wild-type and mutant mice. Iron was detected in cryostat sections using the Prussian Blue Iron Stain Kit (Sigma-Aldrich) for nonheme iron as previously described. 22 Tissue nonheme iron was quantified by the bathophenanthroline assay as previously described. 23 In brief, tissues were lyophilized overnight, weighed, and 10 to 15 mg dry weight was digested in 0.5 mL of acid mixture (3M HCl/10% trichloroacetic acid) at 65°C overnight. After cooling to room temperature, 5 L was placed in 995 L of bathophenathroline sulfonate chromogen (1 vol of stock bathophenathroline sulfonate chromogen [0.1% bathophenanthroline sulfonate/1% thioglycolic acid] and 10 vol of 2.5M sodium acetate) and vortexed. To generate a standard curve, serial dilutions of a ferric iron standard (FeCl 3 ) were used. Color was allowed to develop for 15 minutes, and absorbance at 535 nm was determined spectrophotometrically.
In situ hybridization
Liver sections from wild-type and/or mutant mice were examined for hepcidin and HJV expression by in situ hybridization. Briefly, wild-type and/or neogenin mutant mice were deeply anesthetized and transcardially perfused. Livers were removed from perfused mice and refixed with 4% paraformaldehyde before cutting. Liver sections cut by a freezing microtome were then subjected to the treatment for the hybridization. The digeoxigenin (DIG)-labeled riboprobes (sense and antisense) for hepcidin and HJV were generated by in vitro transcription using their cDNA templates in the presence of DIG-UTP (DIG RNA Labeling Mix, Roche). Primers for hepcidin and HJV riboprobes are listed in supplemental Table 1 . DIG was visualized with the anti-DIG antibody coupled to the alkaline phosphatase using nitro blue tetrazolium/bromo-chloro-indolyl phosphate as a chromogen/substrate system.
RT-PCR and real-time RT-PCR
Reverse transcriptase (RT)-PCR was performed as previously described. 24 Briefly, total RNAs were isolated from the liver of wild-type and mutant mice using Trizol (Invitrogen). Three micrograms of RNA were reversetranscribed into cDNA using Superscript III first-strand synthesis system (Invitrogen). One microliter of cDNA was subjected to PCR amplification with the sequence specific primers (see supplemental Table 1 ). PCR reactions were performed in triplicate for each cDNA and normalized to endogenous GADPH transcripts. Quantitative real-time RT-PCR was carried out using the Bio-Rad iCycler according to the manufacturer's instructions.
␤-Gal
Liver sections derived from wild-type, heterozygotes, and homozygote of neogenin mice were fixed and subjected to the reaction for the measurement of ␤-Gal activity in vivo as described previously. 25 
Immunohistochemical staining and confocal microscopy
Livers of age-matched wild-type and mutant mice were fixed in 10% buffered formalin and embedded in paraffin. Deparaffinized tissue sections were used for immunohistochemical analysis as described previously. 24 
Primary hepatocyte and muscle culture
Primary hepatocytes were isolated by collagenase digestion of livers from 20-to 25-day-old wild-type mice and neogenin mutant mice as described previously 26 with modifications. Briefly, mice were anesthetized and perfused through the inferior vena cava with Ca 2ϩ , Mg 2ϩ -free Hanks balanced salt solution (Mediatech) containing 0.5mM EDTA and 50mM HEPES (pH 7.3) for 4 minutes, followed by perfusion with collagenase solution [1 mg/mouse Liberase Blendzyme 3 (Roche) in Lebowitz L15 (Gibco) with 5mM Ca 2ϩ ]. After enzymatic digestion, hepatocytes were isolated and filtered through a 70-m BD Falcon mesh cell strainer (BD Biosciences), centrifuged, and resuspended in culture medium (1:1 Dulbecco modified Eagle/Ham F12 medium [Gibco] supplemented with 100 IU/mL penicillin, 100 g/mL streptomycin, 18mM HEPES, 1mM sodium pyruvate, 10% fetal bovine serum [FBS; HyClone], 2mM L-glutamine, and 0.1mM nonessential amino acids [Gibco] ). Cells were seeded on collagen-coated (Sigma-Aldrich) at 5 ϫ 10 5 per 60-mm dish. Four hours after plating, hepatocytes were washed, serum-starved with culture medium without FBS for 6 hours, and then treated with recombinant human BMP-2 (100 ng/mL) for varying times. Cells were then harvested for Western blot analysis.
Primary cultures of mouse skeletal muscle cells were prepared from postnatal day 15 (P15) wild-type and neogenin mutant mice. Briefly, muscle tissues dissected from the hind limbs of mice were minced, incubated with collagenase for 15 minutes at 37°C, and grown in 60-mm plates in medium containing F12:Dulbecco modified Eagle medium (1:1), 10% FBS, 2.5% horse serum, 100 U/mL penicillin, and 10 mg/mL streptomycin. Two days after plating, fibroblast growth was inhibited with cytosine arabioside (5mM) that was maintained for 24 hours. For differentiation, the growth medium was changed to serum-free medium at day 4 of culture. Five-dayold cultures were used for the experiments.
HEK293 and HepG2 cell culture and transfection
HEK293 and HepG2 cells were maintained in Dulbecco modified Eagle medium supplemented with 10% fetal calf serum, and 100 units/mL of penicillin G and streptomycin (Gibco). For transfection, HEK293 cells were plated at a density of 10 6 cells per 10-cm culture dish and allowed to grow for 12 hours before transfection using the calcium phosphate precipitation method. 27 Thirty-six hours after transfection, cells were lysed in modified radio immunoprecipitation assay buffer (50mM Tris-HCl, pH 7.4, 150mM sodium chloride, 1% NP40, 0.25% sodium-deoxycholate, and proteinase inhibitors). 28 Lysates and medium were subjected to immunoblotting analyses.
Results
Iron overload in neogenin-deficient mouse liver
To analyze the function of neogenin, we took advantage of neogenin-deficient mice generated by retrotransposon-mediated "gene trapping" by Bay Genomics Inc. (Figure 1A ). Retrotransposon insertion into the intron of the neogenin gene (between exons 7 and 8; Figure 1A ) resulted in approximately 90% reduction in neogenin protein ( Figure 1B) ; thus, the homozygotes were named as neogenin m/m . In view of the known interaction between neogenin and HJV, we determined whether neogenin was required for iron homeostasis. Iron overload was determined by Prussian blue staining of liver samples from wild-type and neogenin m/m mice. Starting at approximately postnatal day 20/25, iron accumulation in portal tracts of mutant, but not wild-type, livers was observed ( Figure 1C-F) . In contrast, spleens from mutant animals exhibited reduced staining ( Figure 1D-F) ; presumably due to lower iron levels in macrophages. Such a phenotype was further confirmed by Western blotting using antibody against ferritin (heavy chain), an iron storage protein whose concentration correlates with tissue iron content ( Figure 1E ). These phenotypes resemble those of human juvenile hemochromatosis with hepatic iron overload associated with macrophage iron depletion. Our results thus far support possible involvement of neogenin in the regulation of iron homeostasis.
Reduced hepcidin and increased ferroportin in neogenin mutant mice
Considering the role of hepcidin in iron homeostasis, 29 we examined its expression in livers of neogenin m/m mice. In wild-type animals, hepcidin mRNA was highly expressed and largely restricted to hepatocytes surrounding the portal tracts of the liver (Figure 2A-B) , where iron overload was observed in livers of neogenin m/m mice ( Figure 1C) . Remarkably, hepcidin expression was reduced in neogenin m/m livers by in situ hybridization ( Figure  2A ), RT-PCR ( Figure 2C) , and real-time PCR analyses ( Figure  2D ). These results demonstrate a "zonal distribution" pattern for hepcidin expression and suggest a positive role of neogenin in hepcidin expression.
Hepcidin regulates iron homeostasis via reducing Fpn, a hepcidin receptor essential for iron release from macrophages and iron uptake from enterocytes. [30] [31] [32] We thus examined the expression and distribution of Fpn in neogenin mutant mice in tissues implicated in iron homeostasis, including intestine, liver, spleen, and muscle. Indeed, Fpn protein level was increased in the lung and spleen of mutant mice by Western blot analysis (supplemental Figure 1A -B). The increase in intestine and spleen was confirmed by immunohistochemical staining analysis (supplemental Figure   1C ). By contrast, levels of HFE and transferrin receptor 2 (TfR2), 2 other proteins involved in iron homeostasis, 33 appeared to be unchanged in the mutant mice (data not shown). These results provide evidence for a deficient hepcidin-ferroportin pathway that may contribute to iron overload.
Requirement of neogenin for BMP-induced Smad1/5/8 phosphorylation and hepcidin expression in mouse liver and in hepatocyte culture
To understand how neogenin regulates hepcidin expression, we asked whether neogenin is required for BMP signaling and BMP-induced hepcidin expression in hepatocytes, as BMP6 has been demonstrated to be essential for hepcidin induction in response to iron. 34, 35 To this end, we first examined phosphorylation of Smad1/5/8 (p-Smad1/5/8) in wild-type and neogenin mutant liver lysates at different stages of development. Levels of p-Smad1/ 5/8 appeared to be regulated in a developmentally specific manner: high at birth, decreased at P12, and then increased again at P20 ( Figure 3A-B) . Such inductions of p-Smad1/5/8 ( Figure 3B ) resemble the profile of hepcidin expression during development. 5 However, this developmental induction of p-Smad1/5/8 after P12 appeared to be blocked in livers from neogenin m/m mice ( Figure  3A-B) . No change was observed in the level of total Smad1 protein in both wild-type and mutant livers during development ( Figure  3A) . Notably, ferritin level appeared to be developmentally regulated as well ( Figure 3A) , consistent with its role in iron metabolism. In support of a role for neogenin in control of BMP signaling, hepcidin expression, and tissue iron levels, livers from neogenin m/m mice displayed an increased ferritin at P20 and P25 ( Figure 3A) . In addition, expression of other BMP target genes (Id1, Smad7, and Atoh8) was also reduced in the liver of neogenin m/m mice ( Figure  3C-E) . These results suggest a developmental regulation of BMP signaling and a role for neogenin in modulating BMP signaling in liver or in vivo.
We next asked if neogenin is required for BMP2-induced phosphorylation of Smad1/5/8 in primary cultured hepatocytes. Exposure to BMP2 increased p-Smad1/5/8 that remained high after 90 minutes in a wild-type hepatocyte culture ( Figure 3F-G) . However, in hepatocyte cultures from neogenin mutant mice, the BMP2 response was transient and disappeared by 60 minutes of stimulation ( Figure 3F-G) . These observations suggest a defect in sustained activation of pSmad1/5/8 in livers of neogenin m/m mice.
To determine whether such sustained activation of p-Smad1/5/8 is necessary for hepcidin induction by BMP2, we compared BMP2-induced hepcidin expression in wild-type and neogenin mutant hepatocytes. Treatment with BMP2 (100 ng/mL) for 12 to 16 hours resulted in approximately 30-fold increase of hepcidin expression in wild-type cultures ( Figure 3H ), consistent with previous report. 36 However, in neogenin mutant culture, hepcidin induction was significantly reduced ( Figure 3H ). Note that although basal levels of hepcidin in unstimulated mutant hepatocytes were comparable with those in wild-type, they were reduced in the mutant liver in vivo ( Figure 3I ). These results provide a further support for a role of neogenin in regulation of BMP2-induced hepcidin expression.
Reciprocal expression pattern of neogenin and HJV to hepcidin in mouse liver
Neogenin was expressed at a moderate level through mouse liver development by Western blot analysis (supplemental Figure 2A) . To study neogenin expression at cellular level, we took the For personal use only. on April 16, 2017 . by guest www.bloodjournal.org From advantage of the neogenin mutant mice, where LacZ was "knocked in" in the intron of neogenin gene ( Figure 1A) ; thus, its expression could be used as a reporter for endogenous neogenin expression. LacZ activity was largely restricted at both central vein (CV) and large portal tract (PT) regions of P25 livers of heterozygotes (neogenin ϩ/mu ; supplemental Figure 2B ) and homozygote (neogenin mu/mu ; Figure 4A ). Higher-power images suggest that LacZpositive cells were perivenous hepatocytes in the CV regions ( Figure 4A ), whereas the LacZ activity in the major PT regions appeared to be associated with cells in vessels but not periportal hepatocytes ( Figure 4A-B) . Similar results were obtained in staining with anti-neogenin antibody ( Figure 4C ). Note that antibody staining was diminished in the livers of the mutant mice, demonstrating specificity ( Figure 4C ). Moreover, neogeninpositive cells expressed glutamine synthetase (GS; Figure 4D ), a marker for perivenous hepatocytes, 37 indicating that neogenin is expressed predominantly in prevenous hepatocytes surrounding the CVs.
The neogenin distribution was apparently different from that of hepcidin, which is expressed in hepatocytes proximal to the PTs (Figure 2A) . To compare the expression of HJV and neogenin, we next examined HJV expression by in situ hybridization. HJV mRNA was detected in hepatocytes proximal to both the PT and CV regions in the P25 liver ( Figure 5A-B) . On the other hand, HJV mRNA was detected predominantly in hepatocytes proximal to the CV regions of mouse livers at P60 and P90 ( Figure 5A ), suggesting a developmental regulation. To examine HJV protein distribution in liver, a polyclonal anti-HJV antibody was generated that specifically recognized HJV/RGMc but not RGMa (supplemental Figure 3) . Coimmunofluorescence staining analysis demonstrated that HJV protein codistributed with the GS protein in perivenous hepatocytes ( Figure 5C-D) . These observations suggest that HJV and neogenin are coexpressed in perivenous hepatocytes, implicating a cis interaction between HJV and neogenin.
Neogenin regulation of HJV protein level and distribution
The coexpression of neogenin and HJV in perivenous hepatocytes suggested that neogenin may, via HJV, regulate hepcidin expression in trans or in a cell-nonautonomous manner. To test this hypothesis, we examined the effect of neogenin on HJV expression. As shown in Figure 6A , HJV was expressed For personal use only. on April 16, 2017 . by guest www.bloodjournal.org From abundantly in liver and skeletal muscles, consistent with previous reports. 38 Intriguingly, HJV protein in neogenin mutant liver and muscle was significantly reduced (Figure 6A ), suggesting a role for neogenin in HJV expression or stability. RT-PCR analysis of P20 muscle RNA demonstrated no difference at HJV mRNA levels between wild-type and mutant mice ( Figure 6B ), suggesting that neogenin regulation is posttranscriptional. This notion was supported by increased levels of HJV protein in cells coexpressing neogenin (Figure 6C-D) . This result also suggests that neogenin may increase HJV protein stability and/or suppress HJV secretion. In addition, neogenin appeared to regulate HJV distribution or trafficking. As shown in Figure 6E -F, in the neogenin mutant, HJV staining appeared to be puncta distributed inside as well as outside of perivenous hepatocytes, whereas in the wild-type liver sections, HJV was evenly distributed in perivenous hepatocytes.
Neogenin inhibition of HJV secretion
Next, we investigated whether neogenin regulates HJV secretion. Wild-type HJV was barely detected in the culture medium of transfected HEK293 cells in the presence of 10% fetal bovine serum (supplemental Figure 4A) . As control, HJV⌬GPI, a truncation mutant present in patients of juvenile hemochromatosis, 39 was readily detectable (supplemental Figure 4A) . In serum-starved culture, secretion of wild-type HJV to the medium was significantly increased (supplemental Figure 4B-C) . Interestingly, HJV secretion was inhibited by coexpression of neogenin ( Figure  7A-B) . These results suggest an inhibitory effect of neogenin on HJV secretion in transfected HEK293 cells.
To determine whether neogenin suppresses HJV secretion in a physiologic condition, we examined primary muscle cells derived from wild-type and neogenin mutant mice using HJV specific antibody that recognizes HJV but not RGMa (an HJV-related protein; supplemental Figure 3 ). Muscle cells were used because they express high levels of HJV and neogenin and survived well in serum-starved culture condition, thus making analysis easier. Neogenin m/m muscle cells were morphologically similar to those of wild-type control (data not shown). However, the expression of myogenin, a protein for muscle differentiation, was reduced ( Figure 7C ), suggesting a potential role of neogenin in muscle differentiation, consistent with previous reports. 40 The amount of HJV was also reduced in mutant muscle cells (Figure 7C-D) . In contrast, the medium of mutant muscle cells exhibited higher levels of HJV than that of wild-type control (Figure 7C-D) . These results support the notion for neogenin in preventing HJV secretion in vivo.
Extracellular HJV, an inhibitor of BMP2 signaling
HJV is believed to be a coreceptor of BMPs, regulating hepcidin expression, 12 whereas soluble HJV (sHJV) may act as an antagonist in this event. 9, 13 We thus tested if sHJV inhibits BMP2-induced Smad1/5/8 phosphorylation, a major BMP activated signaling pathway that induces hepcidin expression. 41 HepG2 cells were preincubated with the condition medium of HEK293 cells expressing control vector, HJV, or HJV⌬GPI ( Figure 8B) , and then treated with BMP2 for different times ( Figure 8A ). BMP2 induced Smad1/5/8 phosphorylation in a time-dependent manner in HepG2 cells that were preincubated with the control medium: it began to increase at 15 minutes, peaked at 45 minutes, and remained at high level at 90 minutes of BMP2 stimulation (Figure 8C-D) . However, preincubation with the condition medium of HJV or HJV⌬GPI-transfected cells reduced and/or delayed phosphorylation of Smad1/5/8 ( Figure 8C-D) . These results suggest that both secreted HJV and HJV⌬GPI are capable of inhibiting BMP signaling. 
Discussion
The present study provides in vivo evidence for neogenin regulation of iron homeostasis. Molecular and biochemical results suggest a working hypothesis that neogenin suppresses HJV secretion, enhances BMP signaling and hepcidin expression, and regulates iron homeostasis.
The phenotypes of neogenin mutant mice are remarkable similar to those in HJV Ϫ/Ϫ or recently published BMP6 mutant mice: hepatic iron overload, reduced hepcidin expression, and defective BMP signaling. 5, 6, 35, 42, 43 However, there is some difference among the 3 mutant mice. An earlier-onset phenotype (eg, iron overload and hepcidin reduction at P25) was observed in neogenin mutant mice compared with that in HJV or BMP6 mutants, in which the reduction of hepcidin expression and iron overload appeared to be approximately 2-to 3-month-old mutant mice. 5, 6, 35, 42, 43 A relatively weaker reduction of hepcidin in P25 neogenin mutant liver was noted compared with that in HJV or BMP6 mutant mice. 5, 6, 35, 42, 43 A more severe reduction of BMP signaling in neogenin mutant mice/livers than that in cultured hepatocytes was also found. In addition, neogenin mutant mice have reduced body weight, decreased bone density, and early postnatal death (at ϳ P30; data not shown), apparently caused by decreased BMP signaling in other tissues/cells (data not shown), in agreement with the model presented in this article.
We speculate that several reasons may account for the difference among neogenin, HJV, and BMP6 mutant mice. First, multiple BMP signaling defects appeared to be associated with neogenin mutant mice, whereas BMP6 or HJV mutant shows relatively more selective defect on BMP6 signaling. Second, there is a lack of soluble HJV generation in HJV-null mice, but it was increased in neogenin mutant. The soluble HJV in neogenin mutant mice may inhibits multiple BMPs induced signaling, including BMP2, 4, 6, and 9, in a cell nonautonomous manner. Finally, the different genetic background between HJV (in 129Svj background) and neogenin (C57/BL6) mutants may also contribute to the difference of the phenotypes observed.
Although hepcidin reduction in P25 neogenin mutant livers is relatively weaker, it is possible that the reduction of hepcidin may have started out even lower in younger mutant mice, which may be increased by the severe iron overload in P25 mutant mice. Our studies support a crucial role of neogenin in enhancing BMPinduced hepcidin expression. Neogenin mutant livers show reduced hepcidin expression ( Figure 2 ). Increased Fpn protein in neogenin mutant spleen and intestine (supplemental Figure 1) supports the notion for a loss of hepcidin protein function in the mutant. Neogenin mutant hepatocytes exhibit impaired BMP induction of hepcidin expression ( Figure 3H ). Together, these results support for a defective BMP-hepcidin pathway in neogenin mutant mice contribute to the hepatic iron overload.
How does neogenin regulate hepcidin expression? Neogenin may regulate hepcidin expression by modulating HJV-BMP signaling for the following reasons. Loss of neogenin function both in mice and in cultured hepatocytes leads to an impaired BMP2-induced phosphorylation of Smad1/5/8 and reduced hepcidin expression. In addition, a reduced HJV protein level, altered HJV distribution, and increased HJV secretion observed in neogenin mutant liver and muscle suggest a role for neogenin in preventing HJV protein secretion, thus enhancing BMP signaling and hepcidin induction.
As hepcidin is highly regulated in response to multiple stimuli: up-regulated when iron levels are increased or by inflammation, and down-regulated in response to anemia or hypoxia, 1, 29, 44, 45 it remains to be investigated if neogenin plays a role in iron-or inflammation-associated hepcidin induction.
How does neogenin modulate HJV-BMP signaling and BMP-induced hepcidin expression? One hypothesis is that neogenin may be a component of the "super-receptor complex" previously thought to consist of HJV and BMP receptors, 12 modulating BMP signaling. This hypothesis is in line with the observations that neogenin, HJV, and BMP receptors are coexpressed in various cells, including perivenous hepatocytes (Figures 6-7) and muscles, 38, 46, 47 that BMP2 signaling was reduced in primary cultured hepatocytes of neogenin mutant mice ( Figure 3F-G) , and that suppression of HJV expression by siRNA inhibits BMP signaling in hepatoma cell lines. 12 This hypothesis would suggest that neogenin and HJV may regulate BMP signaling and hepcidin expression in a cell-autonomous manner. However, using in situ hybridization, we have shown that hepcidin is expressed in periportal hepatocytes but not perivenous hepatocytes where neogenin and HJV are mainly expressed ( Figures 2, 4-6 ). These results are intriguing and suggest that hepcidin expression may be also regulated by neogenin in trans or in a cell nonautonomous manner in vivo. In this "trans" model, neogenin may enhance hepcidin expression in periportal hepatocytes by maintaining HJV protein level and inhibiting HJV secretion from perivenous hepatocytes and/or from muscles. This is in line with the observations that sHJV acts as an inhibitor of BMP-induced hepcidin expression in vitro and in vivo, 9,13 both neogenin and HJV are largely coexpressed in same types of cells, and that neogenin is involved in regulation of HJV protein level and secretion.
Our results from in vitro and in vivo studies have pointed to a function of neogenin in suppressing HJV secretion. It was reported that overexpression of HJV induces hepcidin promoter activity in Hep3B cells in a neogenin-independent manner. 48 This result suggests that neogenin may not be a HJV downstream receptor in mediating HJV induction of hepcidin expression, excluding a cell-autonomous function for neogenin in this event. However, recently it has been reported that neogenin is required for HJVinduced hepcidin expression in transfected HepG2 cell lines, suggesting a cell-autonomous function by neogenin. 49 The controversial reports may be due to different cell lines used, and they are not contradictory to our model. However, studies by Zhang et al 15 have suggested that neogenin promotes HJV/RGMc shedding and sHJV production, in contradiction to our studies. The reason underlying this difference is unclear and remains to be further investigated.
In summary, the present study supports a role for neogenin in hepcidin expression and iron homeostasis. Neogenin regulation of hepcidin expression may be due to its regulation of HJV protein trafficking and secretion, thereby enhancing BMP-induced hepcidin expression. For personal use only. on April 16, 2017 . by guest www.bloodjournal.org From
